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In this theoretical study we demonstrate that entangled states are able to significantly extend the
functionality of Hong-Ou-Mandel (HOM) interferometers. By generating a coherent superposition
of parametric-down-conversion photons and spatial entanglement in the input channel, the coinci-
dence probability measured at the output changes from a typical HOM-type dip (photon bunching)
into much richer patterns including an anti-bunching peak and rapid oscillation fringes with twice
the optical frequency. The considered system should be realizable on a single chip using current
waveguide technology in the LiNbO3 platform.
PACS numbers: 42.65.Lm, 42.65.Yj, 42.50.Lc
Quantum entanglement and hyperentanglement are
highly important, fundamental, and indefeasible features
of quantum mechanics. Entangled states have numer-
ous applications in emerging technologies such as quan-
tum computing [1], quantum cryptography [2, 3], quan-
tum teleportation [4–6], and quantum algorithms [7, 8].
The highly attractive hyperentangled states extend pos-
sibilities of quantum technologies, allowing new quantum
communication protocols, superdense teleportation [10],
and objects with higher dimensionality [9]. Therefore the
generation and application of photon states with a high
degree of entanglement and hyperentangled states is an
intensely studied topic in quantum optics.
An important element in a computational infrastruc-
ture based on photons are quantum interferometers
which allow to measure the degree of indistinguishability
of photons. Such interferometers can be realized using
the well-known two-photon Hong-Ou-Mandel (HOM) in-
terference, which was demonstrated in several systems
[11–17].
For practical large-scale applications in quantum in-
formation processing free-space set-ups are not very re-
liable because of the experimental complexity that is re-
quired to achieve and maintain a precise and stable ad-
justment between the elements and due to the significant
size of such systems. However, due to their small size and
high stability integrated quantum optical systems [18] are
very promising in this direction. Furthermore, they pro-
vide an attractive platform for the realization of a wide
range of functionalities including quantum simulations
[19, 20], boson sampling [21–23], quantum computation,
and quantum communication processing [24].
In this paper, we propose and analyze a device which
can be realized on a single integrated platform and is
able to manipulate the two-photon coincidence proba-
bility by interference and to create hyperentanglement.
The photon pair generation is incorporated into the sys-
tem using an on-chip parametric-down-conversion (PDC)
[25–28] source. We theoretically show that the creation of
spatially-entangled photons in a singlet Bell state is pos-
sible in such a device and that the entanglement leads
to novel features in the coincidence probability. In par-
ticular, different regimes of bunching (HOM-type dips)
and anti-bunching (singlet Bell state) and rapid interfer-
ence fringes corresponding to twice the optical frequency
are predicted. Simultaneously, frequency correlations are
preserved in the system which leads to the creation a hy-
perentanglement, see Fig. 1.
FIG. 1. Two photons generated in a PDC process have fre-
quency correlations. The creation of spatial entanglement be-
tween the photons leads to a hyperentangled structure which
results in novel features in the coincidence probability.
The photon pairs are created in an externally pumped
type II degenerate PDC section realized by a periodically-
poled Titanium-indiffused LiNbO3 waveguide. The gen-
erated signal and idler photons have orthogonal polariza-
tions and therefore different group velocities. In lowest-
order perturbation theory the biphoton state created in
the PDC section is described by [29]
|ψPDC〉 =
∫
dωsdωiF (ωs, ωi)a
†
1H(ωs)a
†
1V (ωi) |0〉 , (1)
where a†1H(ωs) (a
†
1V (ωi)) is the creation operator for the
horizontally (H) (vertically (V)) polarized signal (idler)
frequency mode, the index 1 denotes the upper channel
of the system, see Fig. 2, and F (ωs, ωi) is the two-photon
amplitude (TPA) [30].
To be able to observe HOM interference of the two
PDC photons, basically two goals must be achieved to
ensure that indistinguishable photons arrive at the beam
splitter (BS). Firstly, the polarization of one of the pho-
tons has to be changed and, secondly, the time delay
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2FIG. 2. Schematical illustration of the considered setup. The
propagation of the signal (idler) photon is depicted by the
green (upper) (red (lower)) line. Two photons with orthogo-
nal polarizations H and V are created in the PDC section in
the upper spatial channel 1. The lower channel 2 is initially
empty. The first polarization converter PC1 is placed in chan-
nel 1 and changes the polarizations by φ1. The polarization-
sensitive beam splitter PBS spatially separates photons with
orthogonal polarizations. The delay section compensates the
time delay between photons, l is the length of the upper chan-
nel, L = l+∆l is the length of the lower channel. PC2 changes
the polarization in the upper channel 1 by φ2. The coinci-
dence probability is measured by the detectors b and c. (a)
PC1 converts the polarization perfectly, i.e., φ1 = pi/2. (b)
PC1 partially converts the polarization, e.g., φ1 = pi/4 which
can be realized by adding a beam splitter inside PC1.
between the two photons arising from the polarization-
dependent group velocities needs to be compensated for.
For the realization of these goals and also for the on-
chip generation of entanglement we suggest the setup
sketched in Fig. 2. Two PDC photons with orthogo-
nal polarizations are generated in the upper channel 1
and arrive at a first polarization converter (PC1). When
PC1 works perfectly, i.e., it is set to a rotation angle
of φ1 = pi/2 [34], the polarization of the photons is in-
terchanged, see Fig. 2(a), but they remain in channel 1.
By a polarization-sensitive beam splitter (PBS) the two
photons are separated in two different spatial channels 1
and 2. Then the polarization of the photon in the upper
channel 1 is rotated by a polarization converter (PC2) set
to φ2 = pi/2 and simultaneously the length difference be-
tween the upper and lower channels is chosen in order to
compensate the time delay using a delay line in channel 2.
As a result, two indistinguishable photons will arrive at
the final BS allowing to observe HOM interference. The
all mentioned elements can be realized on chip with us-
ing available current integrated technologies [16]. When
PC1 is switched-off, i.e., φ1 = 0, the polarizations are
initially not converted and thus the time delay between
the signal and idler photons is changed in comparison to
the case φ1 = pi/2. Also in this case a HOM dip arises,
however, at a shifted temporal position.
The possibility to vary the rotation angle φ1 of PC1
significantly increases the functionality of the considered
set-up. If φ1 is not equal to a multiple of pi/2, see
Fig. 2(b), PC1 puts both the signal and idler photons
in coherent superposition of the two polarizations. Af-
terwards, the PBS separates photons with different po-
larizations into different channels. Thus, the combined
action of PC1 and PBS allows to create spatial entan-
glement between PDC photons and, in fact, generates a
singlet Bell state arriving at the final BS.
To theoretically evaluate the propagation of the PDC-
generated photon pair through the set-up we describe the
evolution, i.e., the action of each element and the free
propagations in between, by unitary matrices [16, 35].
The unitary evolution matrix of the entire system is given
by a product of several matrices and reads
Utotal = BS ∗FP3 ∗PC2 ∗FP2 ∗PBS ∗FP1 ∗PC1 ∗FP0,
(2)
where the matrix PC1 describes the polarization rotation
by the angle φ1 in channel 1, and BS, PBS, and PC2
are the matrices of the beam splitter, the polarization-
sensitive beam splitter, and the second polarization con-
verter, respectively. The diagonal matrices FPi include
phase factors arising from the free propagations between
the elements. The coincidence probability of photons in
the detectors b and c is defined as
Pλ,λ
′
b,c =
∫
dωbdωc| 〈0| d1,λ(ωb)d2,λ′ (ωc) |ψout〉 |2, (3)
where |ψout〉 is the state arriving at the detectors,
d1,λ(ωb) and d2,λ′ (ωc) are annihilation operators at the
detectors for frequencies ωb and ωc and polarizations λ
and λ
′
, respectively.
It is useful to evaluate that part of the wavefunction
which describes a vertically-polarized photon pair before
its arrival at the BS. This is obtained by acting with
Ubefore BS = FP3 ∗PC2 ∗FP2 ∗PBS ∗FP1 ∗PC1 ∗FP0
(4)
on the PDC state and then projecting onto vertical po-
larization for both photons. Considering a perfect PBS
and PC2 set to φ2 = pi/2, the vertically-polarized photon
pair arriving at the BS depends on φ1 and is given by∣∣ψV Vout 〉 = |ψ1〉+ |ψ2〉 , (5)
with
|ψ1〉 = i
∫
dωsdωiF (ωs, ωi)e
i( ωsvH
+
ωi
vV
)x ×
{χ(ωs, ωi) sin[φ1]2a†2V (ωs)a†1V (ωi)
−χ(ωi, ωs) cos[φ1]2a†1V (ωs)a†2V (ωi)} (6)
3and
|ψ2〉 = −
∫
dωsdωiF (ωs, ωi)e
i( ωsvH
+
ωi
vV
)x ×
sin[φ1] cos[φ1]{Φ1(ωs, ωi)a†1V (ωs)a†1V (ωi) +
Φ2(ωs, ωi)e
i(ωs+ωi)
∆l
vV a†2V (ωs)a
†
2V (ωi)}, (7)
with χ(ωs, ωi) = exp[i(
l+∆l+y
vV
ωs +
l+y
vH
ωi)], Φ1(ωs, ωi) =
exp[i l+yvH (ωs + ωi)], Φ2(ωs, ωi) = exp[i
l+y
vV
(ωs + ωi)],
vH(V ) = c/nH(V ), and nH(V ) the refractive index for hor-
izontally (vertically)-polarized light.
FIG. 3. The coincidence probability for two vertically-
polarized photons for (a) different angles of PC1: φ1 = 0
(cyan solid) and φ1 = pi/2 (red dotted) and (b) consider-
ing φ1 = 3pi/8 (green solid) in comparison with the case of
φ1 = pi/2 (red dotted).
The density matrix of this state reduced over one spa-
tial channel and over frequencies can be written as
ρr =
∫
dωsdωi|F (ωs, ωi)|2
(
sin2 φ1 A(ωs, ωi, φ1)
A∗(ωs, ωi, φ1) cos2 φ1
)
,
(8)
with
A(ωs, ωi, φ1) =
i
4 sin 4φ1 exp[iωs[
∆l
vV
− (l+ y)( 1vH − 1vV )]].
This expression shows that the reduced density matrix
represents a pure state if φ1 is a multiple of pi/2 For
φ1 = pi/4 the off-diagonal elements vanish and the re-
duced density matrix describes an entangled state. For
other angles φ1 the off-diagonal elements are finite and
the degree of entanglement depends also on the frequency
components.
For φ1 = 0 PC1 does not change the polarization of
the photon pair. So in this case a HOM dip is expected
in the coincidence probability since according to Eq. (5)
the two-photon wave function arriving at the BS is pro-
portional to a†1V (ωs)a
†
2V (ωi). This is confirmed by the
cyan solid curve in Fig. 3(a) showing the coincidence
probability versus the length L of channel 2. Setting
PC1 to φ1 = pi/2 flips the polarizations of both photons.
This reduces the time delay of the photons corresponding
to a smaller length of the second channel at which the
HOM dip appears, see red dotted curve in Fig. 3(a). So
again we find, as expected, an ordinary HOM dip as the
two-photon wave function arriving at the BS is propor-
tional to a†2V (ωs)a
†
1V (ωi), i.e., compared to φ1 = 0 only
the channel indices are interchanged. However, when φ1
is not a multiple of pi/2 the situation changes signifi-
cantly since the vertically-polarized photons arriving at
the BS are according to Eq. (5) described by a more
complex wave function. For example, when we consider
φ1 = 3pi/8 the coincidence probability changes qualita-
tively. As shown by the green solid line in Fig. 3(b), in
this case besides a HOM-type dip of reduced size also
a peak appears and in addition rapid oscillations show
up in the coincidence probability. The physical origin of
these features is analyzed further below.
FIG. 4. (a) The coincidence probability for two vertically-
polarized photons for φ1 = pi/4. The inset shows a zoom-in on
the rapid oscillations. (b) The individual contributions of the
two parts of the two-photon wavefunction to the coincidence
probability: Eq. (6) (black solid) and Eq. (7) (red dotted).
The most interesting situation arises when the rotation
angle of PC1 is set to φ1 = pi/4. In this case, all terms in
|ψ1〉 and |ψ2〉 have the same prefactor and therefore con-
tribute with the same strength to the wave function since
PC1 converts both the signal and the idler photons into
a coherent superposition state of both polarizations with
equal amplitudes. Due to the polarization-dependent re-
fractive index, the propagation through the system leads
to a finite time delay between the orthogonal polariza-
tion components of each photon. If this time delay is
compensated by a proper length of channel 2, in addition
to the two photon interference, now different parts of the
same photon arrive at the BS simultaneously. Thus for
φ1 = pi/4, Eq. (6) represents a pure singlet Bell state and
includes the highest amount of entanglement between the
signal and idler photons in the considered system.
The degree of entanglement can be characterized by
the Schmidt number K = 1/Tr(ρ2r), where ρr is the re-
duced density matrix, see Eq. (8). For an appropriate
length difference ∆l = ( vVvH |ωp2 − 1)(l + y) between the
lower (length L) and upper (length l) channels 2 and
1, the non-diagonal matrix element is A(ωs, ωi, φ1) =
i
4 sin 4φ1 and the Schmidt number
K =
1
cos4(φ1) + sin
4(φ1) +
1
8 sin
2 4φ1
. (9)
Clearly, for both the non-converted situation and the con-
4verted case, i.e., φ1 = 0 or φ1 = pi/2, the Schmidt num-
ber is K = 1 which corresponds to a pure state before
BS. For any other value of φ1 the Schmidt number K is
larger than 1 and correspondingly spatial entanglement
is present. This entanglement is maximal for φ1 = pi/4
where the Schmidt number is K = 2. The presence of
entanglement leads to the antibunching peak in the co-
incidence probability visible in Fig. 4 that in the case
φ1 = pi/4 is directly connected with the singlet Bell state
arriving at the analyzer, i.e., the BS.
The positions of the two dips in Fig. 3(a) directly cor-
respond to the positions of the HOM dips in Fig. 4.
In this case, however, the minima of the coincidence
probabilities are significantly larger than zero because be-
sides indistinguishable polarization-converted photons at
the same time also distinguishable by time non-converted
by PC1 photons arrive at the BS. These two HOM-type
dips appear for length differences between the lower and
the upper channels of ∆l = ( vVvH |ωp2 −1)(l+y+x+
LPDC
2 )
and ∆l = ( vVvH |ωp2 − 1)(l + y − (x+
LPDC
2 )), respectively.
This interpretation is confirmed by the black solid line in
Fig. 4(b) which shows the contribution of Eq. (6) alone
to the total coincidence probability.
The second part of the wavefunction, Eq. (7), corre-
sponds to the situation that two photons are in the same
channel when they reach the BS. When the time delay
between the two photons is sufficiently small such that
the wave packets overlap, interference takes place. In
this case, rapid fringes corresponding to twice the opti-
cal frequency which originate from the (ωs + ωi)-terms
in Eq. (7) are visible in the coincidence probability man-
ifesting the multimode structure of radiation in the fre-
quency domain. The frequency entanglement between
signal and idler photons is preserved and depends on the
number of modes in the frequency domain which for a
long pump pulse can be very high. Thus the creation of
additional spatial entanglement can lead to large hyper-
entanglement.
The period of the rapid interference fringes can be es-
timated as
ωp{( 1
vH
− 1
vV
)(l + y)− ∆l
vV
}|ωp
2
= 2pin (10)
which is approximately equal to 0.4µm for the parame-
ters used here, see inset of Fig. 4(a). The red dotted curve
in Fig. 4(b) shows the contribution of Eq. (7) alone to the
total coincidence probability presented in Fig. 4(a). Note
that the sum of the two contributions shown in Fig. 4(b)
is identical to the total result shown in Fig. 4(a).
The amplitude of the rapid oscillations is directly re-
lated to the overlap of the two-photon wave packet. It is
possible to manipulate the magnitude of the oscillations
by varying the length of the PDC section, the length
between the PDC section and PC1 (x), or the length
between PC1 and the PBS (y). Fig. 5(a) presents the
coincidence probability for different PDC section lengths.
It is clearly visible that with increasing LPDC the am-
plitude of the oscillations grows because the wave pack-
ets spread more in the time domain and therefore their
overlap region increases. Fig. 5(b) shows the coincidence
probability of only the contribution of Eq. (6) to the two-
photon wave function and demonstrates the tendency of
the increasing length difference and broadening of two
HOM dips with increasing LPDC . When changing LPDC
the position of the central peak remains unchanged be-
cause this depends only on (y + l).
FIG. 5. The coincidence probability for φ1 = pi/4 for two
vertically-polarized photons considering different PDC sec-
tion lengths: LPDC = 1.035cm (red dashed), LPDC = 1.5cm
(blue solid), and LPDC = 3.07cm (green dotted). (a) The
total coincidence probability, where the inset zooms-in on the
oscillations and (b) the contribution of Eq. (6) alone.
FIG. 6. The coincidence probability for two vertically-
polarized photons for φ1 = pi/4 and: (a) LPDC = 2.07cm
and an additional length between the PDC section and PC1
of 4.14cm, x = 4.14cm + LPC1/2 = 45210µm (black solid)
and LPDC = 6.21cm, x = LPC1/2 = 3810µm (red dotted)
using y = 5810µm for both cases. (b) y = 5810µm (black
solid) and y = 9810µm (red dotted) using LPDC = 2.07cm
and x = LPC1/2 = 3810µm for both curves.
As mentioned above, it is possible to suppress the rapid
oscillations by including additional distances between the
PDC section and PC1 or between PC1 and the PBS for a
fixed PDC section length. Fig. 6(a) shows the coincidence
probability for LPDC = 2.07cm and an added length of
4.14cm between the PDC section and PC1 (black solid
curve) and LPDC = 6.21cm (red dotted curve). In the
first case, the wave packets of the two photons do not
overlap any more and consequently the oscillations dis-
5appear. The oscillations can also be suppressed by in-
creasing the length between PC1 and the PBS (y). In
this case, the additional length increases the delay be-
tween the wave packets which decreases their overlap and
accordingly the oscillation amplitude, see Fig. 6(b). Si-
multaneously, shifting of the HOM dips and the central
anti-bunching peak appears because their positions de-
pend on y.
In conclusion, we demonstrate that the creation of
spatially-entangled photons in a singlet Bell state is pos-
sible in the proposed integrated set-up which contains
a PDC photon-pair source and several optical elements.
The proposed effects do not rely on the specific gener-
ation process for the photon pairs and thus also other
sources could be used as long as the photonics properties
are not modified. Experimentally such a system should
be realizable on a single chip using currently available
LiNbO3 waveguide technology. The entanglement cre-
ated in the system may lead to the appearance of an anti-
bunching peak and rapid interference fringes with twice
the optical frequency in the two-photon coincidence prob-
ability. By changing a free propagation lengths it is possi-
ble to manipulate the amplitude of these oscillations. Si-
multaneously, frequency correlations between signal and
idler photons present in the system lead to a hyperentan-
gled structure that significantly extends the capacity of
the device. The developed theoretical approach provides
an intuitive understanding of the presented results and
is also applicable to more complex set-ups.
Our findings open novel possibilities for modifying pho-
tonic states which can be useful for applications in emerg-
ing quantum technologies, e.g., quantum metrology, since
the double frequency oscillations may allow very sensitive
interferometry. Furthermore, the realization of quantum
logical operations, quantum communication and infor-
mation processes, generation and easy manipulation by
hyperentangled states and Bell states generation promise
significant novel functionalities for quantum optical de-
vices.
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